Climate change is likely to increase the occurrence of floods and flashfloods that affect Santiago de Chile's drinking water supply system throughout the 21st century. A relationship between flashfloods in the Maipo River--Santiago's main raw water source, drainage area in the Maipo Alto Sub Basin and precipitation 48 hours previous to the event was found. Despite having legal guidelines to guarantee continuity and stability in water supply, Chilean law does not specify the maximum admissible magnitude of an event. A 12% drop of average monthly flow at Maipo en El Manzano Station was estimated for the 2035-2065 period due to climate change, meaning water suppliers would not be able to meet 90% monthly water supply security, required by Chilean law. Water suppliers would need to increase their current allotted quota of the Maipo River, from 24.5% to a percentage between 26% and 30% to comply. If the 0 °C isotherm keeps increasing its elevation through the 21st century, more intense floods could occur because of additional drainage area granted by the elevation of the snow line, even if precipitation does not suffer a significant change. In order to withstand a five day turbidity event, 2 m 3 /s of groundwater, or any non river source, should be temporarily incorporated to the emergency drinking water production.
Introduction
The motivation of studying emergencies in drinking water supply from a climate change and anthropogenic approach comes from the importance that the World Health Organization (WHO) has given to a safe and reliable drinking water supply to the population, because of its positive impact in public health, development and quality of life. WHO has also stated that climate change is one of the defining challenges of the 21st century (WHO, 2009) , given its nature of global phenomenon that is likely to pose more threats than opportunities. It is necessary that governments, agencies, organizations and communities gain awareness of the link between climate change and negative impacts in their sanitary services.
Drinking water supply security should be considered a high priority problem by countries, and the subject will be studied with a local approach, aiming to design a set of measures that help improve the current conditions in which Santiago's drinking water supply system withstands emergencies associated with floods, sediment transport and droughts, under the premise that such events may occur more often in the middle-term. As a result of such measures taken into effect, it is expected that the frequency and duration of drinking water shortages due to emergencies triggered by drought or unfeasibility of treatment of raw water, as a result of massive sediment transport or sudden high turbidity, are shortened, mitigated or even prevented.
The general objective is to provide a set of mitigation and safety measures for Santiago's drinking water supply system, focusing on the challenge of climate change. The specific objectives are:
(1) Analyze current threats and identify the emergencies they might trigger.
(2) Define different middle-term scenarios of climate change for the emergencies identified.
(3) Assess the physical security of the main drinking water supply facilities and structures in Santiago.
(4) Propose different mitigation and safety measures for the water supply system in Santiago.
Methodology
A bibliographical review was carried out to assess the possible impacts in the sanitary area; a general description of the basin was made, and the evolution and/or present state of precipitation, temperatures, elevation of the 0 °C isotherm, land use and fluviometric parameters were studied. Water flow recorded by Maipo en El Manzano Station (33°36'S, 70°23'W; 890 m a.s.l.), which drains the Maipo Alto Sub Basin and is also close to the Toma Independiente intake, one of Aguas Andinas' main sources of raw water, was analyzed. Also, a simulation of monthly water supply-demand balances were made for possible future scenarios (2035-2066 period) , taking into account drinking water and irrigation demands versus water supplied by the Maipo River and the Yeso Dam.
Relationships were found between maximum instant flow and drainage area, provided by the hypsometric curve of the basin and elevation of the 0 °C isotherm data from Santo Domingo and Quintero stations (32°74'S, 71°33'W, 8 m a.s.l. and 33°38'S, 71°38'W, 77 m a.s.l., respectively); and precipitation records from Santiago Quinta Normal Station (33°26'S, 70°41'W; 520 m a.s.l.).
The hypsometric curve was approximated with a second order polynomial regression (R Q=9.97P+0. where Q is the maximum instant flow (m 3 /s) at Maipo en El Manzano Station, P is the precipitation recorded 48 hours before the event (mm) at Santiago Quinta Normal Station, and A is the drainage area (km 2 ) of the sub basin.
Description of the study area
Because of the scope of this work, it is only relevant to understand the first and highest section of the Maipo River Basin, hereinafter Maipo Alto Sub Basin, which is drained by the rivers Maipo, Yeso, Colorado, Colina and Olivares; and ends at the confluence of the rivers Maipo and Colorado. The importance of this 4,859 km 2 basin resides in the fact that it feeds two of the most important intakes used for tap water production in Santiago: Aguas Andinas' Toma Independiente and the Sociedad del Canal de Maipo intake ( Figure 1) (INE, 2008) , it is home of roughly 36% of Chile's entire population and although the Maipo River does not cross the city, its major tributary, the Mapocho River, does.
Water supply in Santiago
Aguas Andinas is the largest tap water supplier in Santiago, with approximately 85% of the market under its control. Its 11,365 km of subterranean pipes and 835,000 m 3 of water storage capacity are in charge of providing fresh water to the city. To guarantee continuity and stability in water supply, the "Ley General de Servicios Sanitarios" (General Law of Sanitary Services) has a set of quality and continuity guidelines for water supply that Aguas Andinas has to comply with. Valid reasons to limit, reduce or interrupt the service include droughts, earthquakes and maintenance. Chilean laws and norms (DS N° 1199/04, NCh. 691/98, NCh. 2369.Of2003, NCh. 777/1.Of2008) also indicate the extra capacity water tanks must have in order to address or withstand emergencies such as fires, blackouts, and pipe damage; and indicate the minimum requirements to resist earthquakes without incurring structural damage. With regards to water intakes, the law says they must be designed to resist a 100-year Return Period flood.
Despite all the guidelines stated above, Chilean law does not specify the maximum admissible magnitude of an event, or mentions risk management related to turbidity events. As mentioned before, a 12% drop was projected for the average monthly flows. Maximum monthly flow estimations decrease by 35%, the effect being most noticeable from December to March, and minimum average flow estimations increase by 27%. While the minimum average flow increase could be attributed to an elevation of the 0 °C isotherm, thus granting wet season rain more drainage area, the abrupt drop in maximum summer flow could probably be related to glacier shrinkage and less melted Andean snow available during the dry season, a subject that will be discussed latter. The reason flows are larger during the dry season in both historic and projected series is that most of the rainfall during the wet season is stored as snow, only becoming available when it melts, during the dry season.
Under the circumstances discussed above, and also considering natural growth rate, domestic consumption changes and irrigation demands, water suppliers would not meet the 90% monthly water supply security, required by Chilean law. Ninety percent monthly water supply security means at least 90% of a month's days must comply with 100% of consumer's drinking water demands.
Figures 4 and 5 below present assumed future changes in population and domestic consumption. Considering the estimated water availability and Santiago's possible future needs, the following scenarios (Table 1) A monthly supply-demand balance was made with each scenario and, in order to assure an average percentage of demand supplied around or above 95%, water suppliers would need to increase their current allotted quota of the Maipo River (24.5%) to 26% for the best scenario and to 30% for the worst scenario. Since such increase would require drinking water suppliers to buy quota from other owners, such as growers who currently use theirs for irrigation purposes, it would have an impact in agriculture and land use in the Maipo Alto Sub Basin, and would also increase the production cost of tap water (US$370,000 per year for the best scenario and US$2,200,000 per year for the worst scenario), but should ensure the 90% monthly water supply security required by law, and should also keep it above 80% consumers' drinking water demand in months when it cannot be met. 
Floods
April-September instant flow records (wet season, hourly basis) from Maipo en El Manzano Station were reviewed (Table 2) . Of the whole set of records analyzed, two subsets were clearly distinguished: the 1947-1967 and 1968-2009 periods. The first one was characterized by empty or incomplete records, with days or even weeks without any data; and the second one had more consistency and a better frequency on its measurements. A "partially complete monthly record" is an incomplete monthly record that lacks five days of measurements, at the most (roughly 85% of days with measurements), but no more than three days in a row without any measurements.
Given the fact that only 43.3% of the monthly records of (Bustos, 2011) . These numbers are by no means absolute, but they give an idea of the effect produced by high altitude rainfall--generally more intense than its lower altitude counterpart--that takes place on low infiltration and high runoff soils, usually covered by a layer of snow that can be partially melted during the event. If the 0 °C isotherm keeps increasing its elevation through the 21st century, more intense floods (instant flow greater than 1,000 m 3 /s) could occur because of the additional drainage area granted by the elevation of the snow line, even if precipitation does not suffer a significant change.
The phenomenon of climate change is observable in the Maipo Alto Sub Basin through the rise of the 0 °C isotherm and the equilibrium line, and among its consequences is the shrinkage of the Echaurren Glacier (33°33'S, 70°08'W, 3,750 m a.s.l.), whose last positive mass balance was reported in the late 1980's ( Figure 6 ). Considering that the amount of rainfall has not changed significantly in Santiago in the last 100 years (Carrasco et al., 2005) , the glacier retreat should be attributed mostly to the rise of the equilibrium line rather than the lack of snow during the winter. Moreover, if only the days with precipitation in central Chile from 1975 to 2001 are taken into account, the 0 °C isotherm has increased 12 m, in contrast with the global 152 m increase for the same period in central Chile. This is an indication that the observed warming has occurred mainly during days with no precipitation (Carrasco et al., 2005) , which means the glacier has been able to accumulate snow normally during the wet season, but ablation has increased during the dry season. Elevation of the 0 °C isotherm would generate greater changes in the total drainage area during the wet season (April-September) rather than the dry season (October-March), as indicated by Table 3 . The rise in elevation of the 0 °C isotherm for the B2 and A2 scenarios was based on estimates by Carrasco et al. (2005) for the 2070-2100 period and the drainage area was calculated using Maipo Alto's hypsometric curve (Figure 7) . The intermediate scenario is arbitrary and it only serves as an intermediate stage between the current situation and the B2 and A2 scenarios.
These results indicate that the biggest threat to Santiago's drinking water supply would not be larger amounts of snow melt during the dry season, but less potential capacity of snow buildup during the winter. Given the relation between drainage area and the intensity of a flood, and that future scenarios predict the incorporation of high desert terrains--characterized by low infiltration, high runoff and more intense precipitation due to its elevation--to the drainage area, it is plausible that floods could become more catastrophic over upcoming years, assuming that precipitation in the Santiago area would not change significantly. With regards to precipitation, although there has not been a significant quantity change in Santiago in the last 100 years, the days of occurrence have decreased (Carrasco et al., 2005) , which means rainstorms have become less often but more intense. If this trend persist though the century, the risk of floods or flashfloods could increase due to the combination of a higher 0 °C isotherm that would grant a larger drainage area; and more intense precipitation. Nevertheless, other factors also influence the magnitude of a flood, such as previously accumulated snow on the drainage area that can melt faster upon contact with rain; and the state of soil saturation, where a previously saturated soil allows less infiltration and more runoff (Dolidon, 2008) .
The demand-supply balance proposed by Chile's Superintendence of Sanitary Services (SISS, 2009) for the "target turbidity event" is insufficient to appropriately address a real five day emergency in Santiago. First of all, water losses in distribution account 31% and not 15% as assumed for the target event; and second, it is unsafe to set the emergency supply equal to 80% of the average April-September demand (12.77 m 3 /s) considering April and May, which concentrate most of the emergency events, have a higher demand than the autumn-winter average. Therefore, the supply-demand balance was redesigned based on actual distribution and demand conditions in order to properly withstand a 111-hour long emergency event (duration of the longest event ever recorded in Santiago) and the emergency supply was set to 90% of the maximum monthly average (April, 16.70 m 3 /s). To meet these new requirements, 2 m 3 /s of groundwater, or any non river source, should be temporarily incorporated to the emergency drinking water production; and 250,000 m 3 of additional reserve tanks should be built (Figure 8 ).
Conclusions
Climate change will probably increase the number and frequency of emergency events--floods, flashfloods and turbidity events--throughout the 21st century. Chilean laws and institutions have already made efforts to address security in drinking water supply, though an emphasis should be encouraged with regards to threats triggered or influenced by climate change, such as turbidity events caused by a sudden elevation of the 0 °C isotherm. In order to improve the quality of measurements, and increase the efficiency and resiliency of Santiago de Chile's drinking water system, the following recommendations are suggested:
(1) Radiosonde measurements should be made from higher elevations, such as the Andean foothills or even at Santiago Quinta Normal Station, in order to have more accurate readings of the 0 °C isotherm in the Maipo Alto Sub Basin.
(2) Any flood study based on records from El Manzano Station should take into account data from 1968 onwards, since most of the records prior to 1968 are mostly incomplete, irregular and much less consistent than data recorded from 1968 to nowadays.
(3) Continue and encourage the conservation of the sclerophyll forest, since it is the vegetation cover with the greatest infiltration and runoff control capacities in case of flood. Currently, there are 800 km 2 of unprotected sclero-phyll forest in the Maipo Alto Sub Basin. (4) Aguas Andinas' tap water demand should be decreased by investing in maintenance to reduce water losses in distribution from the current 31% to 20%. This would reduce global water demand from the production system, while keeping consumers' demand unaffected.
(5) The quota allotted to drinking water suppliers should be steadily increased through the 2035-2065 period, from the current 24.5% to approximately 30%. This should ensure the 90% monthly water supply security required by law, and it should also keep it above 80% in months where it cannot be met.
Figure 8
Water supply vs emergency duration, 90% of demand supplied (6) 80% consumers' drinking water demand should be enforced by law as minimum minimorum in case of failure (below 90%), at least in Santiago de Chile.
(7) In order to properly withstand a five day long turbidity event, Aguas Andinas (Santiago's main tap water producer) should temporarily incorporate 2 m 3 /s of groundwater, or any non river source, to the emergency drinking water production; and the construction of 250,000 m 3 of additional reserve tanks.
Finally, the biggest threat to Santiago de Chile's drinking water supply would not be larger amounts of snow melt during the dry season, but a less potential capacity of snow buildup during the wet season, considering the estimated raise of the elevation of the 0 °C isotherm and its impact on the average winter drainage area (+26% for B2 scenario and +30% for A2 scenario). While posing a direct threat to Santiago's water availability, the potentially incorporated drainage area could be used to expand the sclerophyll forest to higher grounds.
